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Chapter I 
INTRODUCTION 
This report presents  a f i n a l  summary of a l l  work c o m -  
p l e t ed  t o  d a t e  by t h i s  laboratory on National Aeronautics 
and Space Administration Grant NsG 279-62. 
centered on a s tudy of t h e  a p p l i c a b i l i t y  of magnetoresis tors ,  
superconductors,  and t h i n - f i l m  f i e l d  effect devices as con- 
t r o l l e d  rectifiers, and multi terminal -11 effect generators  
f o r  use i n  a low-voltage, high-current d.c. t o  a.c. con- 
v e r t e r  (LV-HC conve r t e r ) ,  and t h e  design and ana lys i s  of as- 
soc ia t ed  c i r c u i t r y  for such conve/tters. 
o r i g i n a t e d  and s t imulated by t h e  need t d e e k  new methods 
for  convert ing t h e  output of unconventional p o w e r  sources  t o  
a more useable form. Present methods usua l ly  employ t r a n -  
sistors, w h i c h  i n  many cases have unsa t i s f ac to ry  charac te r -  
istics. 
The work done 
Such study w a s  
Unconventional power  sources, such as thermoelec t r ic  
4 
genera tors ,  f u e l  cel ls ,  so l a r  cells ,  and thermionic gener- 
a t o r s  a l l  normally have- a low-voltage, high-current opera- 
t i o n a l  c h a r a c t e r i s t i c .  Typically,  these p o w e r  sources  
operate i n  t h e  range of a f r a c t i o n  of a v o l t  t o  1.5 v o l t s .  
This vol tage range can be increased by ser ies-connect ing t h e  
u n i t s ,  but t h i s  t e n d s  t o  l o w e r  t h e  r e l i a b i l i t y  and economy 
of operat ion acute ly .  An a l t e r n a t i v e  i s  t o  use a f r a c t i o n  
of a v o l t ,  high cur ren t  source and s w i t c h  t h e  cur ren t  i n t o  a 
step-up transformer . The a.c. output from t h e  transformer 
1 
. 
can then be rectified and f i l t e r e d  t o  provide t h e  doc .  
vol tage-current  balance desired for on-board e l e c t r o n i c  
equipment . 
Present ly ,  t r a n s i s t o r s ,  tunnel  diodes , and other common 
s o l i d - s t a t e  a c t i v e  devices t h a t  are capable of e f f i c i e n t l y  
handling extremely high cu r ren t s  [ cu r ren t s  i n  excess of 100 
amperes) a t  f r a c t i o n s  of a v o l t  are a r a r i t y .  For example, 
if one considers  a particular spec ies  of t r a n s i s t o r  ( the  
m o s t  common switching device c u r r e n t l y  i n  u s e ) ,  a 100- 
a m p e r e  P a c i f i c  e p i t a x i a l  planar t r a n s i s t o r ,  he i s  faced w i t h  
a s a t u r a t i o n  r e s i s t ance  on  t h e  order  of 0.01 ohms, making it 
q u i t e  i n e f f i c i e n t  a t  less than  t w o  v o l t s  input and a source 
cu r ren t  of 100 amperes. 
Several LV-HC converter c i r c u i t s  using t r a n s i s t o r s  have 
been s tud ied  by Electro-Optical  System, Inc. ,  and it w a s  
found tha t  t h e  best  c i r c u i t  w a s  the  so-cal led Dreisbach 
converter  This c i r c u i t  uses th i r ty- two matched p o w e r  
t r a n s i s t o r s  i n  p a r a l l e l  connection. I f  transformer and c i r -  
c u i t  losses  are neglected t h i s  c i r c u i t  has a t h e o r e t i c a l  ef- 
f i c i e n c y  of 43% a t  0.5 v o l t s  and 100 amperes. The study 
done a t  The Universi ty  of New Mexico has shown t h a t  t h i s  
e f f i c i ency  f i g u r e  may w e l l  be improved on,  even a t  much 
higher cur ren t  l e v e l s ,  by employing con t ro l l ed  rectifier type  
devices ,  connected i n  a su i t ab le  c i r c u i t  for  s tepping  up the  
vol tage  e f f i c i e n t l y .  
T h e  search  and s tudy of s u i t a b l e  con t ro l l ed  rectifiers 
and c l o s e l y  assoc ia ted  devices eventua l ly  reduced t o  magneto- 
resistors, superconductors,  th in- f i lm devices ,  and H a l l  effect 
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devices.  I n  conjunction, a "best" c i r c u i t  w a s  a r r ived  a t  and 
t h e o r e t i c a l l y  analyzed t o  complete t h e  des i r ed  converter func- 
t i o n .  A l s o  a conventional magnetic c i r c u i t  w a s  set up and 
t h e o r e t i c a l l y  analyzed as a necessary element of t h e  func- 
t i o n i n g  of t h e  three magnetically con t ro l l ed  devices included 
i n  those  above, Also,  experiments w e r e  performed i n  a l l  areas? 
as ex tens ive ly  as possible .  F i n a l l y ,  a new technique for ob- 
t a i n i n g  a high-amplitude # square-pulse magnetic waveform w a s  
disclosed and discussed. 
The t h e o r e t i c a l  and experimental study of magnetoresis- 
t ance  con t ro l l ed  rectifiers is  summarized i n  Chapter 11. 
T h i s  study revealed: 
magnetoresistance effect and those  device configurat ions 
selected as t h e  m o s t  important t o  t h e  project: ( 2 )  indium 
antimonide t o  be t h e  best room temperature material: 
( 3 )  bismuth t o  be t h e  bes t  cryogenic temperature mater ia l :  
and (4) new methods for f ab r i ca t ing  magnetoresistors f r o m  
these ma te r i a l s .  From t h i s  it was found t h a t  t h e  Corbino 
(1) theoretical expressions f o r  t h e  
d i s k  and one i r r e g u l a r l y  shaped had e s s e n t i a l l y  t h e  
same characteristics and were t h  of a l l  geometries 
t e s t e d .  Using these best geometries a switching-rat io ,  K ,  
of 51.2 at 20,000 gauss was obtained for InSb a t  room temp- 
e r a t u r e ,  and for bismuth a K value of 145 a t  20,000 gauss 
a t  80° K ,  and a value of 5 l O  a t  9500 gauss a t  4.2O K was 
obta ined ,  I n  add i t ion ,  the zero  f i e l d  r e s i s t a n c e s  w e r e  
found t o  be l o w ,  which i s  most encouraging--on the  order  of 
70 micro ohms a t  4,Z3 K, w i t h  B i ;  140 micro-ohms a t  800 K 
with B i ;  and 4100 micro-ohms a t  room temperature w i t h  InSb. 
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A summary of t h e  theore t ica l  and experimental  s tudy  of 
superconducting rectifiers is  presented i n  Chapter 111. T h i s  
s tudy revealed: (1) t h e o r e t i c a l  expressions t o  ind ica t e  t h e  
m o s t  important facets of superconductivity appl icable  t o  t h e  
project, ( 2 )  a breakdown o f  s u i t a b l e  mater ia l s  t o  accomplish 
t h e  funct ion intended,  ( 3 )  methods for inducing the switching 
a c t i o n ,  (4) t h e  best superconductor forms, and (5) f ab r i ca -  
t i o n  techniques.  From t h i s  study it was concluded tha t  either 
w i r e  o r  thin-f i lm devices could be used as a con t ro l l ed  rec- 
t i f i e r ,  although t h e  former would not be s u i t a b l e  f o r  high 
frequency use because of inductance effects. W i t h  either 
form t h e  switching action can either be accomplished by mod- 
u l a t i n g ,  w i t h  i n - l i ne  Helmholtz co i l s ,  a constant magnetic 
f i e l d  source of magnitude j u s t  less than the  c r i t i c a l  f i e l d ,  
o r  by wrapping the  sample w i t h  an a.c. driven switching c o i l  
i n  t h e  presence of t h e  same type  of constant  f i e l d  source.  
The a n a l y t i c a l  work on t h e  converter  i s  summarized i n  
Chapter IV. There the  s e l e c t i o n  of the  best electrical  cir- 
c u i t  i s  presented,  along w i t h  an ana lys i s  and computer solu- 
t i o n  of same, showing expressions for t h e  m o s t  important 
parameters. It is  shown t h a t  t h e  best c i r c u i t  employs a 
bridge connection of a l t e r n a t e l y  s t imula ted  pairs of con- 
t r o l l e d  rectifiers. F o r  such a c i r c u i t  t h e  m a x i m u m  theo-  
re t ica l  e f f i c i ency  i s  10% w i t h  t h e  added advantage t h a t  no 
direct cur ren t  flows i n  t h e  transformer under optimum condi- 
t i o n s .  F ina l ly ,  a conventional magnet ic  c i r c u i t  i s  presented 
and analyzed e 
4 
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I n  Chapters V and V I  t w o  other devices  are summarily 
discussed fo r  possible use i n  LV-HC conversion. These are 
the th in- f i lm t r a n s i s t o r ,  and a H a l l  effect device w h i c h  of- 
fers some p o s s i b i l i t y  for usage b u t  is not held to be very 
promising. I n  t he  case of t h e  H a l l  device t h e  ana lys i s  w a s  
q u i t e  extensive and the re fo re  is  given g rea t e r  emphasis 
here in .  Some experimentation w a s  also c a r r i e d  out for  t h i s  
device,  i n  a mult i terminal  conf igura t ion ,  and an e f f i c i e n c y  
of about 40$ was measured under less than optimum condi t ions.  
Chapter  V I 1  conta ins  an introductory discussion on t h e  
f e a s i b i l i t y  of using switchable superconductors as magnetic 
shields  t o  provide t h e  type of waveform desirable for d r iv -  
i n g  t h e  magnetically cont ro l led  rect i f ier  elements of a 
br idge  converter .  Such a d iscuss ion  is mainly t h e o r e t i c a l .  
However, s o m e  experimental evidence is presented which is  
m o s t  promising. I n  t h i s  experiment a bismuth magnetoresistor 
w a s  used as t h e  cont ro l led  rect i f ier ,  and a t h i n  niobium 
shee t  was used t o  envelope it as a magnetic sh ie ld .  The 
data demonstrated t h a t  magnetic sh i e ld ing  w a s  accomplished 
and t h a t  switching occurred a t  about t h e  magnetic f i e l d  l e v e l  
expected f o r  niobium. 
F i n a l l y ,  some concluding remarks are m a d e  i n  Chapter V I 1 1  
concerning t h e  f u t u r e  outlook for t h e  LV-DC con t ro l l ed  recti- 
fier converter .  It is  pointed o u t  t h a t  t h i s  converter  has 
good p o t e n t i a l ,  par t icular ly  i n  view of t h e  following: 
(1) there now e x i s t s  a superconducting material w i t h  a c r i t -  
i c a l  temperature ( 1 8 . 3 O  K) n e a r l y  i n  t h e  range of l i q u i d  
hydrogen, a present  on-board consumable i n  space vehic les :  
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(2 ) superconducting mater ia l  development i s  advancing reg- 
u l a r l y ,  with no upper l i m i t  on c r i t i ca l  temperature or c r i t -  
ical  magnetic f i e l d  yet  approached: ( 3 )  t he  magnetoresistor 
con t ro l l ed  rectifier can funct ion under high cur ren t  condi- 
t i o n s  t o  m e e t  f u t u r e  needs: and (4)  pe r fec t ion  of t h e  super- 
conducting magnetic s h i e l d  scheme could boost t he  converter 
e f f i c i ency  t o  very competit ive l eve l s .  
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Chapter I1 
THE MAGNETORESISTOR AS A CONTROLLED RECTIFIER 
In t h e  LV-HC converter research program t h e  first device 
s e l e c t e d  f o r  s tudy  w a s  t h e  magnetoresis tor ,  due t o  its bas i c  
s i m p l i c i t y ,  poss ib le  high cur ren t  c a p a b i l i t y ,  and low i m p e d -  
ance. The s tudy  u l t imate ly  became the  most ex tens ive ,  both 
t h e o r e t i c a l l y  and experimentally,  of  a l l  devices considered,  
due t o  a succession of promising characteristics t h a t  became 
evident with time. The most important f ind ings  and develop- 
ments on t h i s  subject a r e  ou t l ined  and discussed below. 
2 -1 The Theory of Magnetoresistance 
In  s e t t i n g  up the t h e o r e t i c a l  expressions f o r  t h e  mag- 
ne to res i s t ance  effect i n  both bismuth and indium antimonide, 
one must take a d i f f e r e n t  approach with each because of t h e  
d i f f e rences  i n  t h e i r  electrical behavior. He begins w i t h  t h e  
phenomenological equations,  branches therefrom t o  t h e  clas- 
s i c a l  approach, which app l i e s  t o  simple metals such as bismuth 
i n  special cases, and f i n a l l y  sets up the  special formulations 
f o r  InSb t o  correspond w i t h  i t s  known behavior. 
may a l s o  be i n t e r e s t e d  i n  how, approximately, t h e  magneto- 
r e s i s t a n c e  effect v a r i e s  with temperature. 
F i n a l l y ,  one 
2 . 1  - 1 
If  a current-carrying conductor (o r  semiconductor) is 
The Phenomenological Equation 
placed i n  a magnetic f i e l d  E, t h e  Lorentz fo rce  on a charge 
carrier with charge q and e f f e c t i v e  mass m is: 2 
F = -  = q E + q/c(V x E) - 
d t  
b c 1 
where : 
- - 
p = mv = charge carrier momentum 
- 
v = charge carrier v e l o c i t y  
E = electric f ie ld  
H = magnetic f i e l d  
c = v e l o c i t y  of l i g h t  
For a material i n  which t h e  momentum of t h e  charge car- 
- 
- 
rier is  governed by a f i n i t e  mean free t i m e  between co l l i -  
s ions  7 ,  t h e  equation (1) becomes: 
- 
7 - - -  d-F  - q B + q/c(-G x Ti) d t  T 
W i t h  an assumption t h a t  t h e  charge carrier occupies an 
energy l e v e l  near t h e  t o p  of the  valence band, then = m v  
and: 
A dens i ty  p of p o s i t i v e  charge carriers moving w i t h  
v e l o c i t y  v r e s u l t s  i n  a cur ren t  densi ty:  
w h i c h  can be r ewr i t t en  as: 
where : 
cr = qPup = conduct ivi ty  of material 
= charge carrier mobil i ty  = 
P 
The equation (5)  is r e fe r r ed  t o  as the phenomenological 
equation desc r ib ing  the galvanomagnetic properties of a 
8 
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p o s i t i v e - c a r r i e r  type conductor under t h e  inf luence of magnetic 
and electric f i e l d s .  
For materials i n  which e l e c t r o n s  a r e  the  only charge 
c a r r i e r ,  t h e  equat ion descr ibing the  r e l a t i o n s h i p  between 
c u r r e n t  dens i ty ,  e l e c t r i c  f i e l d  and magnetic f i e l d  becomes: 
where t h e  var ious parameters are def ined f o r  e l e c t r o n s  r a t h e r  
than holes ,  as i n  equat ion (5). 
If both types of c a r r i e r s  a r e  s i g n i f i c a n t ,  t he  phenomeno- 
log ica 1 equat ion becomes : 
1 3 = UE + - C (VPZP - V n 3 J  x fl (7) 
where 
u = u  + a n  = lel(VpP + V n d  P 
q = dens i ty  of negative charge c a r r i e r s  
S ince  the  only materials considered w e r e  n-type, only 
equat ion (6) is of i n t e r e s t  here in .  
2.1.2 The Classical  Magnetoresistance E f f e c t  
The app l i ca t ion  of a magnetic f i e l d  t o  a c u r r e n t  car ry ing  
conductor usua l ly  a l t e r s  the r e s i s t i v i t y  of t h e  conductor. 
more common e f f e c t  of t he  magnetic f i e l d  is  t o  increase t h e  
r e s i s t i v i t y  of t h e  conductor, al though some cases of negat ive 
magnetoresistance have been observed. For normal magnetore- 
s i s t a n c e  it has been shown t h a t  t he  v a r i a t i o n  of r e s i s t i v i t y  
The 
9 
due t o  a magnetic f i e l d  obeys Kohler 's  ru l e :  3 
where 
Po = ze ro  f i e l d  r e s i s t i v i t y  
P(H) = r e s i s t i v i t y  with appl ied f i e l d  H 
and F is a funct ion depending only on t h e  phys ica l  p rope r t i e s  
and geometrical  configurat ion of t h e  conductor being observed. 
Equation (6) can be modified t o  a more s u i t a b l e  form i n  
t h e  following manner: 
One should then s u b s t i t u t e  (6) i n t o  t h e  r i g h t  hand side of t h e  
equat ion f o r  5 and so lve  f o r  7. 
5 = m - cl/c {[a - Wc(5 x E)] x E} 
3 = m - P0/c (E x E) + U 2 2  /c [(5 x E) x E] 
2 2  2 - 
J = [./(I + P2H2/c2]  - [(cl/c)o/(l + P H /c ) ]  (E x R) 
From t h i s  equation, it is s e e n  t h a t  fo r  t ransverse  E and 
- 
H f i e l d s  appl ied t o  a conductor with normal conduct ivi ty  0, 
t h e  r e s u l t a n t  c u r r e n t  densi ty  i n  the  conductor c o n s i s t s  of 
10 
component p a r a l l e l  t o  t he  applied f i e l d  and a component normal 
t o  t h e  appl ied f i e l d ,  These components of c u r r e n t  dens i ty  can 
be i n t e r p r e t e d  as r e s u l t i n g  from the  product of a magnetic 
f i e l d  dependent conduct ivi ty  w i t h  t h e  appl ied electric f i e l d ,  
and the  second component c o n s i s t s  of t he  product of t h e  same 
magnetic f i e l d  dependent conduct ivi ty  wi th  a magnetic 
dependent electric f i e l d  normal t o  t h e  appl ied electric 
f i e l d ,  With t h i s  i n t e r p r e t a t i o n ,  equation (9) becomes: 
3 = ug - OH % 
where : 
J = n e t  c u r r e n t  densi ty ,  
2 2  2 = u / ( l  + I-I H /c ) = e f f e c t i v e  conduct ivi ty  OH 
- 
E = appl ied  e l e c t r i c  f i e l d  
% = (UH/c) le1 = r e s u l t a n t  electric f i e l d  normal t o  I?, 
On t h e  basis of t h i s  equation, t he  r e s i s t i v i t y  of t h e  ma te r i a l  
would vary quadra t i ca l ly  with the  appl ied magnetic f i e l d  H, 
a s  
The d e r i v a t i o n  of t he  magnetoresistance e f f e c t  by t h i s  
classical  method is appropriate  only f o r  simple m e t a l s  and 
degenerate semiconductors i n  which the  energy su r faces  are 
sphe r i ca l ,  and t h e  re laxa t ion  time is independent of energy, 
The classical de r iva t ion  always has  as i t s  r e s u l t  a quadra t ic  
dependence of t he  r e s i s t i v i t y  on t h e  magnetic f i e l d  H. There 
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are many i n t e r m e t a l l i c  and semiconductor compounds which, 
experimentally,  do not  behave i n  t h i s  manner, I n  o rde r  t o  
expla in  t h e  galvanomagnetic phenomena p e c u l i a r  t o  these  
ma te r i a l s ,  m o r e  elaborate methods of ana lys i s  must be 
employed. 
2 lJ The Magnetoresistance Effect  i n  InSb 
Rather than t h e  c l a s s i c a l  quadra t ic  dependence of magneto- 
r e s i s t a n c e  on magnetic f i e l d ,  t h e  compound semiconductor InSb 
d i sp lays  a change i n  r e s i s t i v i t y  which is propor t iona l  t o  t h e  
magnetic f i e l d .  
classical r e s u l t s  has been inves t iga ted  t h e o r e t i c a l l y  by a 
number of authors  for  r e s t r i c t e d  ranges of temperature and 
magnetic f i e l d ,  I n  p a r t i c u l a r ,  it has been Shawn t h a t  i n  a 
The explanation of t h i s  deviation from t h e  
s t rong  magnetic f i e l d  e l ec t ron  motion normal t o  the  f i e l d  
becomes quantized such t h a t  the dens i ty  of e l e c t r o n  energy 
levels and t h e  scat ter ing matrices become funct ions of t h e  
magnetic f i e l d ,  
i nves t iga t ion  of magnetoresis%ance i n  InSbO5 
d i f f e r e n t  s c a t t e r i n g  models have been assumed by t h e  var ious  
authors ,  b u t  t h e  n e t  conclusion i n  each case is t h a t  for  high 
p u r i t y  n-type PnSb, t h e  magnetoresistance is a l i n e a r  funct ion 
of H €or values  of H above a f e w  hundred gauss.  
f i e l d s ,  it has  been shown t h a t  t h e  magnetoresistance v a r i e s  
f r o m  a H2 dependence t o  a l i n e a r  dependence as t h e  f i e l d  is 
increased f r o m  0 t o  a f e w  hundred gauss,  6 
4 These r e s u l t s  have been appl ied t o  t h e  
Several  
In  weak 
In  those app l i ca t ions  where the  magnetic f i e l d  is above 
a f e w  hundred gauss t h e  magnetoresistance of InSb is 
e s s e n t i a l l y  a l i n e a r  funct ion of H, That is, t h e  r e s i s t i v i t y  
1 2  
of InSb can be expressed as 
= Po (1 + SH) 
where : 
% = r e s i s t i v i t y  i n  magnetic f i e l d  H 
Po = ze ro  f ie ld  r e s i s t i v i t y  
S = propor t iona l i t y  constant 
In  general ,  t h e  p ropor t iona l i t y  constant  S is pr imar i ly  a 
funct ion of t h e  mobil i ty  and t h e  temperature. It is 
independent of t h e  geometry of t h e  InSb sample, The n e t  
magnetoresistance of an InSb sample - is a funct ion of i t s  geometry. 
2.1.4 Var ia t ion  of Masnetoresistsnce wi th  Temperature 
As t h e  temperature of an InSb specimen is  decreased from 
room temperature ( 3 0 o 0 K ) ,  t h e  r e s i s t i v i t y ,  mobil i ty ,  and H a l l  
cons tan t  increase  by varying amounts 07 Since t h e  magneto- 
r e s i s t a n c e  exhib i ted  by the specimen depends upon a l l  t h r e e  
of these  parameters,  it i s  apparent t h a t  t h e  magnetoresistance 
i s  a l s o  dependent upon t h e  temperature. 
A comprehensive theory of %he v a r i a t i o n  of magnetoresis- 
tance w i t h  temperature is not ava i l ab le  a t  t h e  p re sen t  time; 
however, it has  been found, experimentally,  t h a t  t h e  magneto- 
r e s i s t a n c e  of a specimen increases  with decreasing temperature.  
The g r e a t e s t  increase i n  magnetoresistance occurs a t  l o w  and 
moderate values of magnetic f ields.  For high f i e l d s  of 2 0  
k i logauss  o r  more, t he  magnetoresistance may e x h i b i t  very 
l i t t le  change wi th  decreasing temperature. 
2.2 Magnetoresistance Device Analysis 
Numerous device ge anetries w e r e  tested f o r  t h e i r  magneto- 
r e s i s t a n c e  properties i n  order t o  select those best s u i t e d  
f o r  converter  appl ica t ion .  
a f e w  which w e r e  then more ca re fu l ly  analyzed t h e o r e t i c a l l y  
and experimentally,  
is out l ined  below. 
The list w a s  u l t ima te ly  reduced t o  
The t h e o r e t i c a l  ana lys i s  of these  geometries 
2.2 . 1 
The rec tangular  s l a b  of InSb, shown i n  Figure 1, which 
The Rectangular Slab Magnetoresistor 
has  a ze ro  f i e l d  r e s i s t i v i t y  oo may be considered, 
+ 
Figure 1. InSb Rectangular Slab 
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The zero  f i e l d  r e s i s t ance  of t he  s l a b  is: 
It would appear t h a t  with a magnetic f i e l d  H appl ied i n  
t h e  z d i rec t ion ,  t h e  res i s tance ,  R, of t he  slab would vary 
wi th  H as 
This i s  not  t he  case, however, s ince  a Ha l l  f i e l d  i n  t h e  
y d i r e c t i o n  r e s u l t s  f r o m  the c ros s  product of the  cu r ren t  
dens i ty  and t h e  magnetic f i e l d .  The e f f e c t  of t h i s  H a l l  
f i e l d  is t o  reduce the  a c t u a l  magnetoresistance of t h e  slab 
below t h a t  pred ic ted  by equation (14) above, such tha t :  
R = R o ( l  + KIH) - K2H 
where 
= po L / w t  = zero  f i e l d  r e s i s t ance  
RO 
K1 = propor t iona l i t y  cons tan t  f o r  bulk InSb 
K2 = propor t iona l i t y  cons tan t  due t o  geometry 
The exact dependence of K 
p rope r t i e s  of InSb was not  e s t ab l i shed  s ince  s u f f i c i e n t  
experimental  da t a  t o  determine the  geometr ical  dependence of 
K w a s  no t  gathered.  It has been found, however, t h a t  the  
value of K2 can 5e s u f f i c i e n t l y  l a rge  t o  decrease t h e  
magnetoresistance of the  rec tangular  s l a b  t o  v3 t h a t  of 
the  bulk  mater ia l .  
upon t h e  geometry and the  phys ica l  2 
2 
15 
b e 
From the previous discussion,  it is  evident  t h a t  i n  order 
t o  maximize the magnetoresistance of an InSb sample, t h e  effect 
of the r e s u l t a n t  H a l l  f i e l d  on t h e  magnetoresistance must be 
minimized. It has  been found experimentally,  fo r  t h e  rectan-  
g u l a r  slab, t h a t  the magnetoresistance could be increased by 
several percent  i f  the lengthwise edges of the slab w e r e  
e l e c t r i c a l l y  connected as shown i n  Figure 2. 
I I 
Figure 2. Modified Rectangular Slab 
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This modif icat ion of  the slab r e s u l t s  i n  a minimum H a l l  
f i e l d  being developed across the  device,  which i n  tu rn  appears 
t o  reduce t h e  value of K2 in equation (15). 
Later  i n  t h i s  r e p o r t  when experimental  evidence is 
presented fo r  t h i s  device it w i l l  be shown t h a t  reduction of 
and thus reduct ion of the H a l l  f i e l d ,  does indeed increase  K2 
t h e  magnetoresistance.  
2 -2.2 
An i n t e r e s t i n g  extension of the  rec tangular  slab is 
The Symmetrical Four-Terminal Magnetoresistor 
shown i n  Figure 3. H e r e  a square specimen wi th  fou r  symmetrical 
con tac t s  is  subjected t o  a t ransverse  magnetic f i e l d  H. 
I 0 
Figure 3. Duo-Magnetoresistor 
~ ~~ 
s 4 
The four- terminal  open-circui t  impedance equat ions f o r  t h i s  
conf igura t ion  are:  i 
V1 = I R + I2 R12 1 11 
v2 = I1 R21 + I 2  R22 
The Rll parameter is defined by: 
Rll = V1/I1 11, = 0 
, 
I 
, which is simply equat ion (15) f o r  the  rec tangular  s l a b  
wi th  the  appropr ia te  values of K1 and K2 inser ted .  
of t h e  symmetry, the parameters R2* and Rll a r e  equal ,  and 
have the  value: 
Because 
R1l = R22 = R o ( l  -k SH) 
K1 - K2 I w h e r e  S = 
The parameter R is defined by: 12 
which is  simply t h e  r a t i o  of t he  Ha l l  vol tage t o  12, due t o  
I t he  c ross  product of I and H, For the rec tangular  s l ab ,  t h e  
2 
H a l l  vo l tage  is: 
v1 = - + m12 
so t h a t :  
I 
R12 = 2 AH 
I 18 
where h is a constant  of propor t iona l i ty  and the  + s ign  r e s u l t s  - 
f r o m  t h e  d i r e c t i o n  dependence of t h e  s ign  of t h e  c ros s  product 
( T2 x 8). Again, because of t h e  symmetry 
= + A H  (21 )  R21 - -R21 - - 
I 
where t h e  negative value of %1 r e s u l t s  from the  d i r e c t i o n  
dependence of t h e  cross product (TI x R) . 
With t h e  values  of t h e  parameters determined above, t h e  
set of four-terminal equations become: i 
V1 = I IRo (1 + SH) + MI2 
V2 = I R (1 + SH) + MIl  
- 
2 0  - 
If V1 and V 
sources,  then: 
represent iden t i ca l  low-impedance vol tage 2 
v1 = v2 = v 
and : 
IIRo (1 + SH) + - AH12 = I R (1 + SH) 2 0  
which y i e l d s  t h e  ra t io:  
R o ( l  + SH) + hH 
R o ( l  + SH) + AH 
- - 
''/I2 - 
+ - MIl 
This  expression a l s o  represents  t h e  r a t i o  R /R 
R and R are t h e  inpu t  res i s tances :  
where 2 1' 
2 1 
R 2 - - - -  - v2 - v 
R 1 - - - -   v1 - v 
I 2  I 2  
I1 I1 
It can be seen t h a t  when t h e  magnetic f i e l d  i s  i n  one 
d i r e c t i o n ,  R2 > R1, and when t h e  f i e l d  i s  reversed, R1 > R2. 
Reversing t h e  magnetic f i e l d  has  the  e f f e c t  of interchanging 
t h e  roles of R1 and R2. is 
a minimum, and R2 has  a maximum value when R1 is a m i n i m u m .  
When R1 has  a m a x i m u m  value,  R 2 
The c h a r a c t e r i s t i c s  of t h e  input  r e s i s t a n c e  of one t e rmina l  
p a i r  can be var ied  considerably by ad jus t ing  t h e  cu r ren t  i n  
t h e  second terminal  p a i r .  For example, i n  equat ion (22), t h e  
vol tage  V1 can be made ze ro  for  a f i e l d  H by s e l e c t i n g  I2 t o  
have t h e  value: 
R o ( l  + SH) 
I2 = I1 (24) 
AH 
Then : - 
= I1 [ R o ( l  + SH) - + R o ( l  v1 
and t h e  input  r e s i s t a n c e  becomes 
R1 = V1/I1 = 2 R o ( l  + SH) 
f o r  H i n  one d i r e c t i o n ,  and: 
R1 = V1/I1 + 0 
f o r  H i n  t h e  opposi te  d i r e c t i o n .  
The experimental  r e s u l t s  agree q u i t e  w e l l  wi th  t h e  
t h e o r e t i c a l  behavior predicted by  equation (22)  . 
2 - 2 . 3  The Corbino D i s k  Magnetoresistor 
A geometr ical  configurat ion which has c e r t a i n  advantages 
mer t h e  rec tangular  s l a b  i s  shown i n  Figure 4, 
f i g u r a t i o n  is  c a l l e d  a "Corbino d i s k "  af ter  O.M. Corbino 
This con- 
20 
, 
who i n  1911 reported magnetoresistance measurements on s e v e r a l  
m e t a l s  i n  w h i c h  t h e  samples w e r e  d i sks  wi th  inner  and ou te r  
concent r ic  r i n g  con tac t s  e 8 
V 
Note: rl = inner  radius  
= ou te r  radius r2 
t = thickness 
Figure 4. Corbino Disk 
In  t h e  absence of a magnetic f i e l d ,  t h e  c u r r e n t  flow is  
r a d i a l ,  and t h e  ze ro  f i e l d  r e s i s t a n c e  of t h e  d i s k  is: 
where po is t h e  zero- f ie ld  r e s i s t i v i t y .  
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With a magnetic f i e l d  applied p a r a l l e l  t o  t h e  axis of 
t h e  d i s k ,  t h e  cu r ren t  densi ty  w i l l  then have a component i n  
t h e  9 d i r e c t i o n  due t o  t h e  r a d i a l  component of c u r r e n t  dens i ty .  
The only H a l l  f i e l d  which can exis t  wi th in  t h e  d i s k  is p a r a l l e l  
t o  i ts  axis. This H a l l  f i e l d  i n  the  z d i r e c t i o n  r e s u l t s  from 
t h e  Q component of c u r r e n t  densi ty .  Since the  8 component of 
c u r r e n t  dens i ty  is propor t iona l  t o  the  r a d i a l  component, and 
t h e  H a l l  f i e l d  i n  t h e  z d i r e c t i o n  is  p ropor t iona l  t o  t h e  8 
component, t h e  H a l l  f i e l d  i s  p ropor t iona l  t o  the  input  cu r ren t  
as i n  t h e  case of the  rectangular  slab. In  t h i s  s i t u a t i o n ,  
however, t h e  p ropor t iona l i t y  cons tan t  r e l a t i n g  t h e  H a l l  f i e l d  
and t h e  input  c u r r e n t  is  small  i n  comparison wi th  t h a t  found i n  
the  rec tangular  slab. The r e s i s t ance  of t he  d i s k  can be 
expressed as: 
R = Ro(l + KIH) -K2 F ( H )  
where, again 
Ro = ze ro  f i e l d  r e s i s t a n c e  
K1 = propor t iona l i t y  constant  of bulk InSb 
K2 = propor t iona l i t y  constant  due t o  geometry 
H e r e ,  F(H) is a func t ion  of the magnetic f i e l d .  The equat ion 
(28 )  has t h e  same form as (15) except t h a t  here ,  t he  sub t r ac t ion  
f a c t o r  is  much less than t h a t  contained i n  (15) 
exact form F ( H )  t akes  is questionable.  The theory of t h e  
d i s k  presented above would ind ica t e  t h a t  F ( H )  is of t h e  form: 
Also, t he  
(29 )  
2 F(H) = H + h l ~  
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The experimental  da ta  f o r  var ious d i s k s  i n d i c a t e  no 
v a r i a t i o n  of r e s i s t a n c e  propor t iona l  t o  H2 for  f i e l d s  above 
a f e w  hundred gauss. Thus, it would appear t h a t  for  f i e l d s  
up t o  22 Kilogauss,  the c o e f f i c i e n t  hl is  so s m a l l  t h a t  t h e  
H term can be neglected.  
2 * 
2 2 -4  Irregular-Shaped Magnetoresistors 
I n  add i t ion  t o  t h e  rec tangular  slab and t h e  Corbino 
d isk ,  var ious o the r  geometrical  configurat ions have been 
experimentally inves t iga ted ,  In  general ,  t hese  specimens 
have been t h e  scraps  which w e r e  l e f t  over from c u t t i n g  
rec tangular  s l a b s  and d isks  from InSb ingots ,  Surpr i s ing ly  
enough, one of these rather odd-shaped p ieces  exhib i ted  
magnetoresistance c h a r a c t e r i s t i c s  on a par with  t h e  better 
modified rec tangular  slabs and Corbino d isks .  This un- 
expected, high magnetoresistance i s  a t t r i b u t e d  t o  t h e  fact 
t h a t  t h e  geometry and contac t  arrangement w a s  such t h a t  
t h e  H a l l  effect was minimized. 
2 .3  Experiments with Magnetoresistors 
Presented below a r e  a l l  t he  s i g n i f i c a n t  magneto- 
r e s i s t a n c e  experiment r e s u l t s  and a summary of experimental  
and f a b r i c a t i o n  techniques t h a t  w e r e  developed This  w i l l  
involve magnetoresistor samples of indium-antimonide and 
bismuth, t h e  two materials se l ec t ed  f o r  major study. 
* 
This conclusion is  va l id  only f o r  high-purity,  
n-type, p o l y c r y s t a l l i n e  InSb. For example: Reference 7 
lists r e s u l t s  for  s i n g l e  c r y s t a l  InSb i n  which t h e  magneto- 
r e s i s t ance  v a r i e s  with H f o r  f i e l d s  22 t o  4-6 Kilogauss,  
v a r i e s  as H f o r  f i e l d s  of 6 -15 Kilogauss, and then begins 
t o  approach a zero slope f o r  f i e l d s  i n  t h e  v i c i n i t y  of 20 
Kilogauss. 
2 
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2.3 .1  Ma te r i a l  Se lec t ion  
The s e l e c t i o n  of bismuth a s  t he  low-temperature 
material w a s  made by comparing t h e  experimental  r e s u l t s  
of s eve ra l  materials t h a t  are known t o  have a high mobil i ty  
and l o w  r e s i s t i v i t y  a t  cryogenic temperatures.  
best of these materials, t i n ,  t y p i c a l l y  showed magneto- 
The second 
r e s i s t a n c e  about one-tenth that  of comparable bismuth 
samples. Perhaps proper doping of t i n  could have improved 
its performance, b u t  apparently it would never have su r -  
passed bismuth. It w a s  f i n a l l y  decided t o  concentrate  
s o l e l y  on bismuth as the  law-temperature mater ia l ,  s i n c e  
its performance w a s  cons i s t en t ly  good without  r e so r t ing  
t o  elaborate procedures.  
Doping effects i n  bismuth are another problem which 
was considered, and these  r e s u l t s  are discussed separa te ly  
later on. 
Indium-antimonide w a s  s e l ec t ed  a s  t h e  room temperature material 
2 simply because of i t s  very high mobili ty (65,000 cm /vo l t -  
sec) a t  t h i s  temperature. 
2.3.2 Developed Specimen Preparat ion Techniques 
2.3.2.1 Indium-Antimonide 
It is w e l l  known t h a t  InSb is an extremely bri t t le 
material which is d i f f i c u l t  t o  c u t  t o  a des i r ed  shape. 
Po lyc rys t a l l i ne  InSb, under s t r a i n  o r  stress, has  a tendency 
t o  break or s h a t t e r  along the  var ious g ra in  boundaries.  
However, s p e c i a l  c u t t i n g  methods w e r e  developed by t h i s  
labora tory  f o r  obtaining desired geometrical  conf igura t ions  
from InSb ingots .  
24 
A motor-driven, s e l f - sus t a in ing ,  abras ive  s a w  was 
designed and constructed for the purpose of c u t t i n g  t h i n  
slices f r o m  a l a r g e  ingot.  The s l i c e s  obtained from the 
ingot  have a c ross  sec t ion  of 1" x 3/41., 
of the specimen may be varied anywhere i n  the range 1/1611 
t o  1". A m a x i m u m  c ros s  sec t ion  of 2" x 2" can be c u t  by 
this s a w .  The c u t  is smooth w i t h  no evidence of f r a c t u r i n g .  
The th ickness  
The s a w  uses  a mix tu re  of w a t e r  and f i n e  m e s h  s i l i c o n  
carb ide  as an abrasive s l u r r y .  The specimen moves back 
and f o r t h  i n  this  s l u r r y  w i t h  the c u t  made by a s t a t i o n a r y  
diamond-impregnated bronze blade. 
I n  add i t ion  t o  t h e  motorized saw, an S .  S .  White 
I n d u s t r i a l  'Airbrasive '  u n i t  w a s  used i n  conjunction w i t h  
a t u r n t a b l e  t o  cut c i r c u l a r  d i sks  from InSb slices. The 
s a w  can be used w i t h  a l ong i tud ina l ly  moving platform t o  
m a k e  straight l i n e  c u t s  i n  t h i n  material. 
The u n i t  uses  compressed a i r  t o  supply a f i n e  j e t  of 
abras ive  material t o  the sample. This abras ive  j e t  l i t e r a l l y  
w e a r s  away the ma te r i a l  t o  which it is appl ied.  It is  a 
rap id  c u t t i n g  tool,  b u t  can be used e f f e c t i v e l y  only on 
slices of 3/16" or less i n  th ickness .  
The u n i t  is i d e a l l y  s u i t e d  f o r  c u t t i n g  Corbino d i s k s ,  
exen down t o  the c u t t i n g  of the t i n y  cen te r  ho le  that  re- 
ceives t h e  c e n t e r  contact .  
2.3,2.2 Bismuth 
I n i t i a l l y  the bismuth samples w e r e  constructed from 
slices c u t  from a zone-refined bar of bismuth and moldings 
made by melt ing bismuth shot i n  carbon forms., B o t h  the 
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bismuth shot  and bar stock w e r e  of the same p u r i t y  
(99.9999$) and refinement. Tests  showed that the  molded 
samples eventua l ly  produced cons i s t en t ly  h igher  magneto- 
r e s i s t ance  than t h e  bar-stock samples. Thereaf te r  t h e  
molding technique w a s  used completely. 
The molding w a s  conducted under high vacuum using the  
apparatus shwn i n  Figure 5. The molds w e r e  machined out 
of u l t r ah igh  p u r i t y  carbon f o r  some samples and ordinary 
carbon f o r  other  sample runs.* The base block had the 
sample shape machined i n t o  it, and the  top  block w a s  
machined f l a t  and served t o  press  the molten m e t a l  i n t o  
p lace .  Of course,  th is  apparatus is s u i t a b l e  only f o r  
f l a t  samples, but there was no foreseeable  need f o r  any 
o ther  type. 
The e n t i r e  apparatus  w a s  placed i n t o  a vacuum chamber 
and t h e  hea te r  cur ren t  kep t  belm t h a t  which would cause 
t h e  m e t a l  p e l l e t s  t o  m e l t  u n t i l  out-gassing w a s  c m p l e t e  
and a vacuum of t o r r  w a s  obtained. Af te r  forming, t h e  
samples w e r e  a l l w e d  t o  cool s u f f i c i e n t l y  under vacuum t o  
prevent oxidat  ion.  
- ~~~ 
%The e f f e c t s  of using these  two d i f f e r e n t  carbons w i l l  
be discussed sepa ra t e ly  l a t e r  on. 
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2.3. 2.3 Application of E lec t r i ca l  Contacts 
P r i o r  t o  p lac ing  the electrical contac ts  on an InSb 
specimen, it was hand-lapped t o  t h e  required shape and 
pol ished i f  des i r ed ,  Then t h e  specimen w a s  e tched i n  a 
s o l u t i o n  wi th  t h e  following cons t i tuents :  
3 2 p a r t s  by volume 70$ HNO 
1 p a r t  by volume 50$ HF 
1 p a r t  by volume 98% Glac ia l  A c e t i c  A c i d  
Di luted about l/3 with d i s t i l l e d  water  o r  
a s  des i red .  
The e l e c t r i c a l  contacts  w e r e  made by using an u l t r a -  
son ic  so lder ing  i r o n  t o  apply pure indium t o  the contac t  
area. Since pure indium is sof t  and malleable,  it w a s  
found advisable  t o  w e t  t h e  contac t  a r ea  with a t h i n  l a y e r  
of indium and then  t o  use an In-Pb-Sn so lde r  f o r  t h e  bulk 
contac t .  This procedure r e su l t ed  i n  a more s t a b l e  low- 
r e s i s t a n c e  electrical  contact.  
Another method of contact app l i ca t ion  which proved use- 
f u l  f o r  low temperature work was t o  vacuum depos i t  s i l v e r  
on t h e  con tac t  area, Then, a hard so lde r  such as  Pb-Sn 
o r  s i l v e r  s o l d e r  w a s  used f o r  t h e  bulk cantac t .  
A f i n a l  method t r i e d  was t o  fuse  indium in to  t h e  InSb 
while  t h e  specimen w a s  under high vacuum. 
produced con tac t s  of exceptional mechanical r i g i d i t y  b u t  
This technique 
wi th  a higher  resistance than des i red  a t  the junct ion.  E f -  
f o r t s  t o  decrease t h i s  res i s tance  w e r e  n o t  successfu l ,  bu t  
it is  st i l l  poss ib l e  t h a t  it could be done. 
would be a very des i r ab le  method. 
I f  so, t h i s  
28 
where app l i ca t ion  of electrical  contac ts  t o  bismuth 
smiples  i s  concerned, no pr3ble;ns w e r e  encountered ~ Standard 
Pb-Sr, so lde r  r e s u l t s  i n  good l m  r e s i s t a n c e  and mechanically 
rugged contac ts  , 
2 3 - 3  Experixental  Procedures 
The schematic of the general  c i r c u i t  used i n  measuring 
the " a p e t o r e s i s t a n c e s  of t h e  various InSb and B i  specimens 
is shoisr- in Figure 6 .  
I Piirrnnf 
Poten t i a l  
Measuring 
Instrument 
e t o r e s i s t o r  
specimen I 
Figure 6 ,  T e s t  C i r c u i t  Schematic 
The vol tage source E was a 12-volt  b a t t e r y  for  l o w  
cu r ren t  measurements up t o  15 amps, 
w e r e  connected i n  paral le l  t o  provide a source capable of 
supplying 200 amperes f o r  f i v e  minutes i n t o  a 1 0 - m i l l i o h m  
load.  
Three 6-voi t  batteries 
~ ~~~ ~ ~ 
f 
The curren t  was  adjusted t o  the des i red  value by 
p lac ing  the  proper r e s i s t ance  i n  series wi th  the  sample. 
The cur ren t  w a s  read on a ca l ib ra t ed  ammeter t o  an ac- 
curacy of 1% or w i t h  a H e w l e t t  Packard cl ip-on d o c .  m i l -  
liammeter. 
The magnetic f i e l d  was produced by a Varian e l ec t ro -  
magnet wi th  2-inch tapered pole  pieces .  
produce a f i e l d  of 0-25 kilogauss ,  and has a means of re- 
vers ing  the d i r e c t i o n  of t he  f i e l d ,  The magnitude of the 
magnetic f i e l d  w a s  ca l ib ra t ed  w i t h  an Empire Model 900 
gaussmet er . 
This magnet can 
The p o t e n t i a l  measuring instrument w a s  either a Leeds 
and Northrup K-2 p o t e n t i m e t e r  or a Mi l l ivac  micro-volt- 
ammeter. The former instrument has h igh  accuracy and 
r e so lu t ion  but is time consuming t o  operate.  The la t ter  
instrument is  f a s t  and easy t o  use; however, i t s  accuracy 
is on t h e  order  of + 1%. - 
It should be pointed out t h a t  the leads f o r  measuring 
the vol tage drop across  the specimen must be attached 
d i r e c t l y  t o  the specimen's contacts ;  otherwise,  a s i g n i f i -  
cant e r r o r  is poss ib le  due t o  lead r e s i s t ance ,  L 
All of the experimental d a t a  was  obtained a t  e i t h e r  
room temperature (300%) or a t  cryogenic temperature 
(80% and 4,2%) . 
were made wi th  the specimen maintained a t  t h i s  temperature 
by forced-a i r  cooling,, The cryogenic measurements were 
made by p lac ing  the specimen i n  a s p e c i a l  rec tangular  t a i l  
s ec t ion  dewar suspended between t h e  poles  of the magnet as 
sham i n  Figure 7. 
The measurements a t  room temperatures 
30 
m 
L i q u i f i e d  Gas 
T r a n s f e r  Tube 
V e r t i c a l l y  
A d j u s t a b l e  
Mount 
I 
E l e c t r a n a g n e t  
Dewar 
T a p e r e d  - 
I 
F i g u r e  7 
-5 1 
2 3 . 4  Room Temperature Experimental Results ( InSb) 
In Figure 8 is sham the most important sample geometries 
that were tested at room temperature. Since several hundred 
magnetoresistor specimens were fabricated and tested during 
the project, only the best geometries will be presented here 
along with representative test results which are listed in 
Table I. 
Data for Samples A and B illustrates the increase in 
magnetoresistance accomplished by shorting the Hall voltage 
(sample B) of an ordinary bar-type magnetoresistor (sample A). 
Data for sample C (a Corbino disk) shows the ultimate effect 
of Hall voltage elimination, a maximum magnetoresistance. The 
geometry of sample D is such as to reduce the Hall effect and 
thus result in a respectable magnetoresistance. 
32 
. 
In 
C 
9 EnSb 
D 
fused In 
In 
E F 
Figure 8 
Indium Antimonide Sample Forms 
33 
co 
Q) 
k 
7 
tr 
-4 
k.i 
c 
-4 
al 
l-l a 
tn 
a 
5 
$ 
5 
c 
H 
al 
k 
0 
w 
m 
4J 
m 
Q 
c, 
a 
al 
I3 
al 
3 
-4 
4J 
m 
4J c 
al 
al 
k a 
a 
2 
Ln m 
0 
0 
Ln 
rl 
u) 
Ln 
rl 
cv 
0 
0 n 
n 
.iJ 
4- 
X 
3 
In 
0 
X 
42 
rl 
rl 
v 
n 
v 
n 
w 
rl 
* 
4 
2 
0 
0 
Ln 
(v 
(v 
Ln 
rl 
(v 
0 
0 
IC\ 
r* 
4J 
4- 
x 
3 
Ln 
0 
W 
A 
v 
d 
=l- 
0 
0 
0 
cv 
d 
Ln 
0 
0 
(v 
0 
0 n 
n 
W 
4J 
cv 
t? 
X 
h a 
W 
00 
4- 
X 
. 
- 
t- 
0 
0 
0 
0 
00 
(v 
0 
0 
(v 
0 
0 n 
- 
a 
7 
-4 
‘EI m 
8 k  
w w  
a 0 0  
d d  
. .  
4 4  
* *  * *  u n  
Ln n 
0 
0 
0 
0 
0 
Ln 
Ln 
ri 
N 
. 
0 
0 n 
n 
al 
U 
-4 
d 
al 
k 
m 
3 tY 
a 
a 
E 
00 
rl 
. 
k 
u.l 
W 
d 
* * w 
a 
4J 
U 
m 
4J c 
8 
0 
k 
al 
3 
rl 
*Pl 
a 
a 
al 
c, 
-4 
a 
0 a 
al a 
5 
7 
U 
m 
3 * 
34 
. 
I n  Figures 9-11 are shuwn plots of K versus magnetic 
f i e ld  for samples A and B, C and E ,  respectively. These 
figures clearly indicate the l inear dependence that is ex- 
pected for InSb, as was pointed out i n  Section 2.13. 
Sample E represents a most useful discovery, It 
should be noticed that  i ts  to t a l  surface area and i t s  
magnetoresistance r a t io  K = R/Ro is nearly that of sample C. 
This high value of K is, of course, attr ibutable t o  the fact  
tha t  the geometry greatly minimizes the Hall effect .  Of ad- 
di t ional  interest  is the fact that  t h i s  sample's contact area 
is  larger than tha t  of sample C; therefore, sample E would 
seem preferable for  larger current applications, i f  a small 
loss i n  magnetoresistance could be tolerated,  
The data for sample F i l l u s t r a t e s  t w o  characterist ics 
of interest .  The center contact diameter t o  outer contact 
diameter r a t i o  is  larger for t h i s  sample than for sample C, 
which resulted i n  an  increased magnetoresistance, which is 
theoretically predictable. Second, the increased resistance 
result ing from using fused indium contacts is  i l lustrated.  
2 3.5 Experimental Results a t  Cryogenic Temperatures 
( Bismuth) 
Luw temperature experiments w i t h  bismuth magneto- 
res is tors  were carried out a t  l i qu id  nitrogen temperature 
(80%) for  an i n i t i a l  t e s t  of characterist ics,  and then, 
when it was possible, a t  l i qu id  helium temperature (4.20 K ) .  
Those samples of most interest  are shuwn i n  Figure 1 2 .  
Corbino disks, such as those shown as sample B, were subjected 
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t o  the most experimentation and provided the gemetry 
used i n  a variety of other tests requiring a magneto- 
res is tor .  This w a s  because of the d i sk ' s  high K value, 
s ize  for  size,  and i ts  simplicity i n  being made by the 
molding technique. 
2.3,5.1 Results a t  80° K 
Representative data for bismuth samples of the type 
shmn i n  Figure 1 2  is l isted i n  Table 11. Upon examination 
of this data, one sees immediately that a l l  the special 
features found for  these sample geometries when InSb w a s  
used (discussed i n  Section 2.34) are again evident when  
bismuth is used . Theref ore, these characterist ics are not 
due t o  the material but rather the geometry w h i c h  supports 
tha t  which has been discussed previously. 
Another statement that  w a s  made ea r l i e r  w a s  that bis- 
nuth should folluw the classical ,  quadratic magnetoresistance 
dependence on magnetic f ie ld .  This inclination i s  evident 
when one examines Figures 13-15, which show K versus magnetic 
f i e ld  for  samples A, B, and E ,  respectively. 
2.3,,5.2 Results a t  4.2O K 
Due t o  a seemingly endless  variety of problems i n  ob- 
taining from industry a liquid helium dewar without thermal 
lealqs (leaks that prevent retention of the l iquid) ,  experi- 
mentation a t  4-20 K w a s  not near the extent planned for .  
However, the s m a l l  amount of data tha t  was obtained w a s  quite 
encouraging. For example, a large diameter ( 4  cm)  bismuth 
eorbino disk magnetoresistor tested a t  4.2O K w a s  found t o  
40 
TABLE I1 
Representative T e s t  Data f o r  Bismuth Samples i n  Figure 12 
T e s t  
c u r r e n t  F ie ld  Temperature K = R/Ro Sample (amps. d.c.) ( OK) ki logauss  
A 
B 
B 
C 
D 
10 80 14* 63.3 
10 80 14" 71 
10 80 20** 145 
10 80 14" 6.7 
40 80 14" 38 
E 40 80 14" 54 
* 
L i m i t e d  t o  14,000 gauss due t o  thickness  of t h e  t a i l  s ec t ion  
of t h e  s p e c i a l  dewar used f o r  t hese  s a m p X e s .  
** 
This  sample was measured i n  a t h i n ,  p l a s t i c  conta iner  t h a t  
permit ted brief runs wi th  l i qu id  ni t rogen.  
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have a K value of 1000 a t  14 k i logauss .  
i n t e r e s t  was the extremely l c r w  o f f - f i e l d  r e s i s t ance  of t h i s  
sample-125 micro-ohms . 
O f  addi t iona l  
Unfortunately,  circumstances d i d  not permit a test a t  
The fact that the 4.2O K involving sample E of Figure 12 .  
shunt was constructed using lead was very purposeful ,  Lead 
is a superconductor a t  4.2' K, a t  f i e l d s  less than i ts  
cr i t ical  magnetic f i e l d ;  thus ,  one would have been able t o  
observe the effects of a per fec t  Hal l  e f f e c t  shunt on in-  
c reas ing  the magnetoresistance of a bar sample. This w o u l d  
be of interest because a bar geometry is one a l s o  capable of 
high cu r ren t s  due t o  i t s  l a rge  contac t  area, compared t o  that 
of a Corbino d i s k  of cmparab le  s i z e .  
Even though runs a t  4.2O K were not able t o  be made, 
the r e s u l t s  of the runs a t  80° K ind iea t e  that the idea of 
a superconductive Hal l  e f f e c t  shunt holds promise . 
2.3.5.3 Experiments W i t h  Doping of Bismuth 
Although t h e  bismuth Corbino disks  that  w e r e  made w i t h -  
out i n t e n t i o n a l  doping had extremely good magnetoresistance 
compared t o  o ther  published r e s u l t s ,  it was  decided t o  t r y  
doping following t h e  lead of Kleinman and Schawlow .' The 
tests showed that in t en t iona l  doping t o  any measurable ex- 
t e n t  using te l lur ium only served t o  reduce the magneto- 
r e s i s t a n c e  of molded samples i n  every case.  Hmever, it had 
been not iced a t  one time previous t o  t h i s  t h a t  a h igher  mag- 
ne tores i s tance  could be obtained, sample f o r  sample, i f  the 
molding w a s  done i n  a m o l d  machined from a poor grade carbon 
. 
r a  h e r  than one made from ul-ra-pure carbon. From t h i s ,  i f  it was 
indeed repeatable ,  one could conclude t h a t  t h e  proper doping l e v e l  was 
nea r ly  unmeasurable by conventional m e a n s ,  being the  d i f f e rence  i n  
impurity percentage e x i s t i n g  i n  t h e  two carbons. Several  v e r i f i c a t i o n  
experiments w e r e  conducted along t h i s  line, and the  r e s u l t s  are d i s -  
cussed belw. 
The first step i n  t h e  v e r i f i c a t i o n  procedure w a s  t o  machine 
dimensionally i d e n t i c a l  Corbino d i s k  molds, one from standard,  low-  
grade (IG) impure carbon, and another  from zone-refined, u l t ra -h igh  
p u r i t y  (HG) carbon, A double heater system was then constructed and 
i n s t a l l e d  i n  t h e  bell j a r  of t h e  vacuum system. 
simultaneous molding t o  be conducted t o  r u l e  out  d i f f e rences  i n  
magnetoresistance c h a r a c t e r i s t i c s  t h a t  might occur due to d i f f e r e n t  
vacuum levels, melt-duwn t i m e s ,  hold times, and cool-down t i m e s .  
Severa l  bismuth Corbino d i s k  p a i r s ,  one LG sample, and one HG sample, 
for  each run, w e r e  molded, then immediately measured fo r  t h e i r  
c h a r a c t e r i s t i c s  i n  a s p e c i a l  dewar a t  l i q u i d  ni t rogen temperature. 
The r e s u l t s  for  a t y p i c a l  four-run set are presented i n  Table 111. 
This  d a t a  shows what cons i s t en t ly  was found t o  be t r u e  f o r  many run 
sets--samples molded i n  impure carbon had h igher  magnetoresistance 
(30% higher  on t h e  average) than d id  samples molded i n  u l t ra -pure  
carbon. This  i n d i c a t e s  t h a t  t h e  proper doping l e v e l  that  maximizes 
t h e  magnetoresistance of bismuth i s  r e a l l y  exceedingly low.  This 
conclusion is  a l s o  supported by  cons idera t ion  of da t a  obtained f r o m  a 
deliberate-doping experiment t h a t  was conducted as follows. 
This  allowed 
The procedure f o r  deliberate-doping was ta use a f r e s h  mold and 
t o  make t h e  first disk using j u s t  bismuth. For the  next  run, i n  t h e  
s a m e  mold, one g r a i n  of te l lur ium powder was used as a doping agent.  
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. 
Then succeeding runs w e r e  made i n  t h e  same mold with no doping agent I 
added; t h e  idea being t h a t  w i t h  t h e  i n i t i a l  doping, s o m e  por t ion  of 
t h e  doping agent would be absorbed by t h e  carbon t o  be returned t o  I 
t h e  molten material  i n  succeeding runs.  
Examination of the d a t a  compiled for  t h e  doping experiment 
revealed support  of t h e  aforementioned conclusion t h a t  t h e  proper 
doping level is exceedingly small. 
of d a t a  f o r  t h i s  experiment. 
Table IV conta ins  a t y p i c a l  set I 
It should be pointed out  t ha t  t h e  s a m e  
t r ends  w e r e  obtained regard less  of t h e  carbon mater ia1 used. O f  I 
m o s t  dramatic  i n t e r e s t ,  however, is the maximum l e v e l  t h a t  was 
obtained f o r  t he  high p u r i t y  carbon mold pun. This w a s  sample 
10 HG. It can be seen t h a t  t h i s  m a x i m u m  exceeded t h e  best obtained 
f o r  t h e  low-purity runs s h m n  i n  Table 111. Also c h a r a c t e r i s t i c s  
of t h e  best doped sample i n  the  LG run, sample 13 LG, does no t  i n  
any way mean t h a t  t h e  optimum doping l e v e l  w a s  reached here.  O f  
course,  t h i s  s a m e  statement can be made about t he  HG run a l so .  
1 
Unfortunately,  t i m e  d id  not permit f u r t h e r  study of t h e  doping 
problem t o  i s o l a t e  best doping agents  and determine optimum doping 
l e v e l s ,  b u t  it is  f e l t  t h a t  what has been revealed i s  of s ign i f icance .  
2.4 Conclusion 
It is bel ieved t h a t  t h e  theoretical and experimental  study 
i n t o  t h e  magnetoresistor,  a device under considerat ion as a 
con t ro l l ed  rectifier, was revealing and valuable i f  n o t  complete. 
It w a s  shown t h a t  t h e  theoretical expectat ions w e r e  sub- 
s t a n t i a l l y  v e r i f i e d  by experiment. However, more experimental  d a t a  
is needed before t h e  exac t  dependence, including t i m e  dependence, of 
t h e  magnetoresistance upon t h e  phys ica l  p rope r t i e s  and geometries 
of t h e  samples can be determined. 
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The study revealed mater ia l s  t h a t  could be used with good 
r e s u l t s  over a temperature span from room temperature t o  cryogenic 
temperature. Addit ional ly ,  t h e  techniques for  handling these  
materials w a s  successfu l ly  developed, complete t o  t h e  f a b r i c a t i o n  
of samples. 
The high switching r a t i o  (K) t h a t  w a s  cons i s t en t ly  obtained 
f o r  corbino d i s k s  and some o t h e r  promising geometries t h a t  w e r e  
discovered, using bismuth a t  l o w  temperature or InSb a t  room 
temperature, would i n d i c a t e  t h a t  t he  magnetoresistor could w e l l  
be an answer t o  t h e  LV-HC converter  requirements. 
CHAPTER I11 
THE SUPERCONDUCTOR AS A CONTROLLED RECTIFIER 
3.1 A B r i e f  Account of t h e  Theory of Superconductivity 
In  1913 Kamerlingh-Onnes made t h e  s i g n i f i c a n t  discovery 
t h a t  a t  each t r a n s i t i o n  temperature there existed a c r i t i ca l  
magnetic f ie ld  (Hc) ,  a t  which t h e  superconductivity w a s  de- 
s t royed (see Figure 16). Therefore,  i f  t h e  su r face  of a super- 
conductor is subjected t o  a magnetic f i e l d  equal  t o  its c r i t -  
i ca l  f i e l d ,  whether t h i s  f i e l d  be generated by an external 
source o r  occurs due t o  i n t e r n a l  cu r ren t  flow o r  a combination 
of t hese  sources,  a t r a n s i t i o n  t o  t h e  normal state  is i n i t i a t e d .  
However, s i n c e  t h e  t i m e  when Kamerlingh-Cnnes f i r s t  d i s -  
covered t h e  phenomenon of superconductivity,  a complete theory 
fo r  it has  been sought,  a microscopic theory from which t h e r e  
can be derived f r o m  first p r inc ip l e s  t h e  r e g u l a r i t i e s  i n  t h e  
appearance of superconductivity as noted by Matthias.  lo The 
p r i n c i p l e  r e g u l a r i t i e s  a r e  as follows: 
1. 
2. 
3 .  
Superconductivity has b e e n  found only for those metall ic 
substances having between about 2 and 8 valence e l ec t rons .  
Where t r a n s i t i o n  metals are concerned, t h e  v a r i a t i o n  i n  
t h e  c r i t i ca l  temperature with the  number of valence 
e l e c t r o n s  shows sharp peaks f a r  t h i s  number equal ing 3 ,  
5, and 7.  
For a given number of valence e l e c t r o n s ,  c e r t a i n  c r y s t a l  
s t r u c t u r e s  appear Fore favorably than o thers .  I n  addi t ion ,  
t h e  c r i t i ca l  temperature incresses wi th  a high power of 
t he  atomic volume and inverse ly  wi th  t h e  atomic mass. 
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unfortunately,  t h e  present  understanding of superconducting 
and normal metals i s  s t i l l  f a r  from t h i s  goal.  In  f a c t ,  t he re  
is s t i l l  an i n a b i l i t y  t o  c a l c u l a t e  t h e  a c t u a l  c r i t i c a l  temperature 
of any superconductor. However, t he re  have been seve ra l  q u a l i t a -  
t i v e  t h e o r i e s  proposed which t o  some degree descr ibe  t h e  p rope r t i e s  
of a t  least  an i d e a l  superconductor. One must realize t h e  
d i f f i c u l t y  of t he  problem, which lies i n  the extreme smallness of 
t h e  energy involved, For,  a t  absolute  zero,  the energy gap 
between t h e  superconducting and normal phase is  on t h e  order  of 
e v  p e r  atom: whereas, f o r  a normal m e t a l  the Fermi energy 
of conduction e l e c t r o n s  is  on t h e  order  of 10 t o  20 ev. 
One of t h e  m o s t  successfu l  t heo r i e s  is t h e  one pos tu la ted  
by Bardeen, Cooper and S c h r i e f f e r  -- t h e  so-called BCS theory.  
T h i s  theory accounts for a l l  t h e  main facts af superconductivity,  
which are: (1) a second-order phase t r a n s i t i o n  a t  t h e  c r i t i ca l  
temperature; (2 )  an e l e c t r o n  s p e c i f i c  hea t  varying as exp ( -To/T) 
nea r  absolute  zero; and other evidence Of an energy gap f o r  
i nd iv idua l  p a r t i c l e - l i k e  exc i ta t ions :  (3) t h e  Mebsne r  effect of 
z e r o  magnetic induction i n  t h e  superconducting s t a t e :  (4) effects 
r e l a t e d  t o  i n f i n i t e  conductivity:  and ( 5 )  the dependence of the 
c r i t i ca l  temperature on i s o t r o p i c  mass. 
11 
The BCS theory considers  t h a t  t h e  b a s i c  i n t e r a c t i o n  account- 
ing for  superconductivity l i e s  wi th  a p a i r  ( a s  apposed t o  s i n g l e  
e le c t r o n  -phonon i n t e r a c t  ion)  of e l e c t r o n s  through an interchange 
of v i r t u a l  phonons, those  with very s h o r t  lifetimes, This can be 
i n t u i t i v e l y  understood by considerat ion of t h e  following. 
The d i s t o r t i o n  of a Lat t ice  by a moving electron g ives  rise 
53 
t o  a phonon. Further ,  t h e  d i s t o r t i o n  of t h e  charge d i s t r i b u -  
t i o n  of t h e  l a t t i ce  r e s u l t s  i n  a propagating f luc tua t ion  which 
i n  tu rn  affects a second e lec t ron  some d i s t ance  away when t h e  
wave reaches its loca t ion .  The conclusion then is t h a t  super- 
conduct iv i ty  occurs when the a t t r a c t i v e  i n t e r a c t i o n  between 
two e l e c t r o n s  by means of phonon exchange over ru les  t h e  usual  
r epu l s ive  screened coulomb in t e rac t ion .  In  addi t ion ,  t h e  BCS 
theory formulizes t h e  normal s t a t e  by t h e  Block model,12 which 
d e a l s  w i t h  t h e  effect of the p e r i o d i c  field of the la t t ice  on 
a s i n g l e  e l ec t ron .  
A number of poss ib l e  explanations have been of fered  t o  
i n d i c a t e  w h a t  fundamental e f f e c t s  might l i m i t  t h e  speed of 
t r a n s i t i o n  between t h e  normal and superconducting state. 
of these  p r e d i c t  switching t i m e s  f a r  s h o r t e r  than what is ob- 
served. 
p r e d i c t s  a longer  time and is derived r e l a t i v e l y  d i r e c t l y  
f r o m  t h e  BCS theory.  
M o s t  
One suggestion of i n t e r e s t ,  proposed by Nethercot,  13 
Br ie f ly ,  Nethercot s t a t e s  t h a t  t h e  present  explanat ion 
is based on t h e  switching speed  being limited by a spatial 
r a t h e r  than purely time l imi ted  (temporal) effects: t h a t  is, 
a t  fas t  switching speeds (high frequency) t h e  sk in  depth 
becomes so s m a l l  tha t  t h i s  t h i n  l a y e r  cannot change i ts  state 
due t o  t h e  l a r g e  adjacent  volume of unswitched material .  
Therefore,  it doesn ' t  seem reasonable t h a t  t hese  sk in  depths  
could change s ta te  i n  times on t h e  order  of uI1- 
s i n c e  it can be expected t h a t  t he  p r o p e r t i e s  of t h e  f i l m  would 
be considerably altered by the  ad jacent  material. 
seconds 
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3 . 2 Superconductor switch Capabili ty Analysis 
3 .2 .1  The Switching Scheme 
The switching scheme planned was t o  vary t h e  magnetic 
f i e ld  a t  t h e  sur face  of a superconductor e i t h e r  by e x t e r n a l  
fields o r  i n t e r n a l l y  developed f i e l d s  such t h a t  t he  super- 
conductor is a l t e r n a t e l y  switched from t h e  superconducting state 
( z e r o  d.c. r e s i s t a n c e )  t o  the normal s t a t e  ( f i n i t e  r e s i s t ance ) .  
It w a s  planned t o  use the folluwing techniques t o  accomplish 
t h e  above: 
1. Place  a modulating f i e l d  c o i l  coaxia l ly  with t h e  main 
f i e l d  source,  as shown i n  Figure 7, such t h a t  t h e  f i e l d  
of t h e  c o i l  would a l t e r n a t e l y  add p o s i t i v e l y  and nega- 
t i v e l y  t o  the main source f i e ld  s u f f i c i e n t l y  t o  pro- 
duce a n e t  f i e l d  a l t e r n a t e l y  less than and greater than 
the c r i t i ca l  f i e ld  of t h e  sample. 
2. The sample itself, placed i n  a d.c.  magnetic f i e l d  
of magnitude j u s t  less than the c r i t i ca l  f i e l d ,  would 
be wrapped i n  a f i e l d  c o i l  t o  which an a l t e r n a t i n g  
c u r r e n t  is appl ied.  The two fields would combine t o  
produce a switching f i e l d .  
3. Instead of an external d.c.  source field, the sample 
would be alluwed t o  c a r r y  a current s u f f i c i e n t  t o  
produce a t  its sur face  a magnetic f i e l d  j u s t  less than 
the c r i t i c a l  f i e l d .  
as i n  i t e m  1 above, o r  a f i e l d  winding, as in i t e m  2 
above, would be used t o  complete t h e  switching ac t ion .  
Then e i t h e r  a modulating coi l ,  
Unfortunately,  t h e  aforementioned d i f f i c u l t i e s  wi th  t h e  
l i q u i d  helium d e w a r  thwarted a11  at tempts  t o  obta in  specific 
d a t a  f ran experiments conducted following t h e  above prscedures . 
. 
1 
One of t h e  abbreviated experiments using the e x t e r n a l  modulation 
method and a c o i l  of superconducting w i r e  showed some evidence 
of a switching t i m e  t h a t  followed 60 cycles;  hawever, no de- 
f i n i t e  conclusions could be ar r ived  a t  because of t he  b r e v i t y  
of t h e  run, 
3.2-2 Thin Film Switch F e a s i b i l i t y  
Be low is a brief discussion of superconducting t h i n  f i l m  
devices ,  described i n  t h e  l i t e r a t u r e ,  which i n d i c a t e s  t h e  high 
t r a n s i t i o n  time one might expect if a t h i n  f i l m  superconductor 
w e r e  t o  be used as a control led rectifier. 
Feucht and Woodford'' have ca lcu la ted  t r a n s i t i o n  t i m e s  of 
t h i n  f i lms  of t i n  by using a superconducting radio-frequency 
m i x e r .  
on a glass s u b s t r a t e  which i s  sandwiched between two p ieces  of 
polystyrene having a loop contact  of lead embedded i n  each. 
This  device uses  a t h in  f i l m  of high-purity tin evaporated 
Around t h e  u n i t i s  wrapped a switching c o i l  t o  which a rad io-  
frequency local o s c i l l a t o r  s i g n a l  i s  applied, With this con- 
f i g u r a t i o n  it w a s  determined t h a t  t h e  time required t o  switch 
t h e  filrnin and ou t  of t h e  superconducting state w a s  as s h o r t  
as  0.625 x seconds. 
Young15 has descr ibed a so-cal led '*crossed-f i l m  cryotron" 
which uses a thin-f i lm gate, crossed by a lead c o n t r o l  film, 
T h i s  device is i n t e r e s t i n g  s ince  it o f f e r s  a l a r g e r  resistance 
i n  t h e  normal state than does t h e  w i r e  cryotron,  thus  o f f e r ing  
lower t r a n s i t i o n  times . 
From t h e  foregoing it would s e e m  one could be q u i t e  o p t i -  
m i s t i c  about t h e  superconducting con t ro l l ed  rectifier converter  
f o r  app l i ca t ion  where the frequencies are reasonable. 
3.2.3 W i r e  Co i l  Form. =itch Feasibility 
Buck16 desc r ibes  a superconducting w i r e  device ca l l ed  a 
**cryotron" which was conceived as a computer component. It 
c o n s i s t s  of a c o n t r o l  winding of O.OO3 inch niobium w i r e  wound 
around a 0.009 inch tantalum w i r e .  The niobium winding serves  
as  t h e  c o n t r o l  g a t e  which switches t h e  tantalum w i r e  in and 
out  of t h e  superconducting s t a t e ,  I n  this manner a small cur ren t  
is made t o  c o n t r o l  a l a r g e  current ,  The t r a n s i t i o n  time of t h e  
cryotron is pr imar i ly  regulated by t h e  L/R time cons tan t  of t h e  
device t o  a l i m i t  determined fundamentally by r e l axa t ion  l o s s e s  . 
An estimate of this  l i m i t  i s  between 1M3 and 1,000 megacycles. 
However, t h e  L/R t h e  constant for  these  small devices  p laces  
t r a n s i t i o n  the i n  the lom3 second range. 
3.3 Conclusion 
It is bel ieved t h a t  t h e  t h i n  f i l m  superconductor has  promise 
as a con t ro l l ed  rectifier because t h e  normal resistance of t h i s  
conf igura t ion  can be increased by decreasing t h e  f i l m  th ickness ,  
which i n  t u r n  would tend t o  decrease t h e  t r a n s i t i o n  time. A l s o ,  
inductance problems are within reason wi th  thin-fi lms. 
Preliminary c a l ~ u l a t i o n s ~ ~  i n d i c a t e  t h a t  t h e  amount of 
w i r e  needed t o  obta in  a reasonable c i r c u i t  switching factor 
would r e s u l t  i n  inductance problems that may exclude super- 
conductor w i r e  forms as cont ro l led  rectifiers. 
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Chapter Iv 
CONVERTER CIRCUIT ANALYSIS 
4.1 Selec t ion  of t h e  B e s t  C i r c u i t  
Three switch-type c i r cu i t s  w e r e  considered f r o m  which one 
w a s  chosen for  f u r t h e r  study as an LV-HC converter.  These 
c i r c u i t s  are s h m  i n  Figures 17 - 19. 
The c i r c u i t  of F i g u r e  17 was discarded because its 
maximum t h e o r e t i c a l  e f f i c i ency  is only 50% and, s i n c e  d.c. 
c u r r e n t  flows i n  the p r i m a r y  winding, a severe demand on t rans-  
former design is evident ,  A s i m i l a r  t ransformer r e s t r i c t i o n  
a l s o  tended t o  r u l e  ou t  the c i r c u i t  of Figure 1& 
The c i r c u i t  of Figure 10, a bridge-type converter,  has  
many desirable f e a t u r e s  i n  that: 1) the maximum t h e o r e t i c a l  
e f f i c i ency  is low; 2) 
of t h e  transformer,  a l l w i n g  f o r  nominal design of t h e  
transformer.  
and is condensed below i n t o  t he  important po in t s .  
no d . c .  c u r r e n t  f l a w s  i n  t h e  primary 
Analysis of t h i s  c i r c u i t  w a s  ex tens ive ly  developed 17 
4.2 Analysis of t h e  Bridge Type C i r c u i t .  A Summary. 
For square wave switching s t imula t ion ,  one poss ib l e  
electrical state of the bridge is shown i n  Figure 20. 
the ' tofft t  r e s i s t a n c e  of each con t ro l l ed  rectifier is R, 
H e r e  
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while  it has an r e s i s t ance ,  KR. 
R, KR 
i 
P 
L3 P 
I 1:N L 
. Rs 
E = open-circuit source voltage 
R = t o t a l  o f f - f i e l d  resistance of primary loop 
KR = t o t a l  on-f ie ld resistance of primary loop 
Rs = t o t a l  resistance of secondary loop 
Figure 17 
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R, KR 
n 
1 M 
F i g u r e  18 
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Figure 19 
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Figure 20 
Assemblage and rearrangement of t h e  mesh equat ions f o r  t h e  
b r idge  c i r c u i t  i n  i t s  two states allaws one t o  reduce t h e  
problem down t o  ana lys i s  of t h e  equivalent  c i r c u i t  shown i n  
Figure 21(a),  which is st imulated by t h e  waveform shown i n  
Figure 2 1 (b) . 
From the s o l u t i o n s  for  i and i4 i n  t h e  pair of simul- 3 
taneous d i f f e r e n t i a l  equations t h a t  can be w r i t t e n  f o r  t h e  
f i n a l  equiva len t  c i r c u i t ,  t h e  input  power f r o m  t h e  source and 
t h e  power de l ivered  t o  the load can be ca lcu la ted .  These 
solutioas and c a l c u l a t i o n s  have been accomplished t o  t h e  
where: 2KR + r g ( K + l )  . 
R(K+lJ + 2r Re = R 
g 
and R( ~ - 1 )  
'e = E R ( K + l J  + 2r  
4 
Figure .21( a)  
Final  equivalent c i r c u i t  for t o t a l  operation. 
I 
Figure 21(b) 
Input waveform for f ina l  equivalent c i r c u i t .  
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e x t e n t  t h a t  a l l  cu r ren t s ,  voltages and e f f i c i e n c i e s  can be 
ca l cu la t ed  t o  any desired degree of accuracy. The expres- 
s i o n s  are w e l l  adapted t o  d i g i t a l  computer so lu t ion .  
4 .2 .1  Analog Computer Solu t ion  
Combining t h e  d i s t i n c t  sets of equat ions tha t  can 
be w r i t t e n  for  t h e  o r i g i n a l  c i r c u i t  i n  i ts  t w o  states, allowed 
a s o l u t i o n  by analog computer. A very e f f i c i e n t  computer f l o w  
diagram f o r  t h i s  job w a s  developed and is shown i n  Figure 22. 
The analog computer o f f e r s  a fast ,  accura te  method of 
studying t h e  effects of t h e  waveshape of the magnetic f i e l d  
e x c i t a t i o n  upon the c i rcu i t  performance. 
pu ta t ions  indicate t h a t  t h e  waveshape appl ied t o  the MR 
devices  has  a s u b s t a n t i a l  e f f e c t  upon t h e  e f f i c i e n c i e s  and 
c u r r e n t s  of t h e  MR converter.  
Preliminary com- 
If one considers  t h a t  the cont ro l led  rectifiers are 
magnetoresis tors  and t akes  K as 53.4, 145, and 1000 f o r  an 
InSb d i s k  a t  room temperature, a B i  d i s k  a t  &OK, and a B i  
d i s k  a t  4.2O~, respec t ive ly ,  t h e  conversion e f f i c i e n c y  
obtained by computer is 50$, 76$, and 87$, respec t ive ly .  
These are t h e o r e t i c a l  expectat ions which do  not involve 
electrical or  magnetic losses ,  of course.  It should be 
remembered, huwever, t h a t  t h e  converter  is independent of 
source voltage; therefore ,  the  e f f i c i e n c i e s  s t a t e d  here  hold 
f o r  any input  vol tage level. 
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4.3 conclusion 
The br idge  configuration appears t o  be the best c i r c u i t  
t o  m e e t  requirements of an LV-HC conver te r  i f  one uses  
con t ro l l ed  rectifiers. However, a necess i ty  that still  
exists is a high magnitude square-wave magnetic f i e l d  source. 
A poss ib l e  s o l u t i o n  for t h i s  problem w i l l  be discussed 
i n  Chapter VI. 
A conventional magnetic c i r c u i t  has been analyzed 17 
and would be s a t i s f a c t o r y  f o r  l i m i t e d  appl ica t ions ,  b u t  
would no t  be p r a c t i c a l  for  converter  app l i ca t ions  because of 
severe power loss, and because of weight and s i ze  r e s t r i c t i o n s .  
66 
, -  
Chapter v 
THIN FIELD EFFECT DEVICE FEASIBILITY 
STUDY FOR LV-HC CONVERTER APPLICATION 
5.1 Technological Review 
A d e r i v a t i v e  of r ecen t  advances i n  t h i n  f i l m  technology 
and theory is t h e  so-ca l led  MOS (metal-oxide-semiconductor) 
i n su la t ed  gate t r a n s i s t o r  (sometimes a l s o  c a l l e d  a TFT -- a 
t h i n - f i l m - t r a n s i s t o r )  . 
The MOS t r a n s i s t o r  is a ma jo r i ty -ca r r i e r  device i n  which 
t h e  c u r r e n t  i n  a conducting channel is modulated by a g a t e  
vo l t age  i n  a t y p i c a l  f i e l d - e f f e c t  manner. Successful  MOS 
devices  have been constructed i n  t h e  su r face  of a s i n g l e  
c r y s t a l  of s i l i c o n , 1 8  by using thin-f i lms of cadmium se len ide ,  19 
and by using th in- f i lms  of cadmium sulfide.*' 
view of an MOS device is shown i n  Figure 23 and is cha rac t e r i s -  
t i c  r ega rd le s s  of t h e  material used. The Cds and CdSe devices  
a r e  both  n-type b u t  t h e  s i l i c o n  devices  can be n-type o r  p-type 
by t h e  r e spec t ive  choice of doped s i l i c o n .  It is understood 
A t y p i c a l  plan- 
t h a t  p-type devices  have a l s o  been constructed,  using te l lur ium,  
a t  Melpar and RCA. 
There are a l s o  s e v e r a l  v a r i a t i o n s  of the  s tandard MOS 
t r a n s i s t o r ,  which are also f i e l d - e f f e c t  devices.  One of these  
is  c a l l e d  t h e  coplanar-electrode insu la ted-ga te  t@n-film t r a n s -  
i s t o r .  *' The e l e c t r o d e  arrangement t h a t  cha rac t e r i zes  the 
coplanar  device (Figure 24, showing a comparison of t h i s  and two 
more-common u n i t s )  is  said t o  better f a c i l i t a t e  f a b r i c a t i o n  and 
t o  r e s u l t  i n  on-to-off c u r r e n t  r a t i o s  on t h e  order  of 10 7 . Higher 
spacing p rec i s ion  is obtained by depos i t i ng  a l l  e l ec t rodes  on 
t h e  semiconductor - which r e s u l t s  i n  a l l  e l e c t r o d e s  being on t h e  
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control  gate 
insu la tor  
semiconductor 
I \ I  drain 
insulat ing  substrate 
Figure 23 
Cross-Section of a type of Thin-Film Transistor 
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A1203 Au gate  
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A u  source Au drain 
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A 1  gate  Si0 
A 1  sourc 
CdSe (0.06-1 micron) 
5 SUBSTRATE 
Figure 24 
( a )  Staggered-Layer MOS Device 
(b) Inverted-Staggered MOS D e v i c e  
(c)  Coplanar MOS Device 
s a m e  s i d e  of t h e  semiconductor. This is i n  c o n t r a s t  t o  t h e  
o t h e r  v a r i a t i o n s  w h i c h  incorporate an in t e r spe r s ion  of elect- 
rodes. 
The gate vol tage required f o r  e i t h e r  t h e  onset  o r  pinch- 
off of d ra in  cu r ren t  i s  t y p i c a l l y  around -3 v o l t s .  
realize, however, t h a t  these devices,  as p resen t ly  formed, 
have an extremely high input impedance. 
t o  be decreased by increasing t h e  fi lm thickness ,  t h i s  a c t i o n  
would necessar i ly  increase t h e  pinch-of f voltage.  
5.2 Conclusion 
One must 
If t h e  impedance is 
Unfortunately,  one of t h e  inherent  c h a r a c t e r i s t i c s  of 
the th in- f i lm t r a n s i s t o r  i s  a high input  impedance t h a t  does 
n o t  show much promise of being lowered, P a r a l l e l i n g  a great 
many of these  devices  t o  lower t h i s  impedance t o  an  acceptable  
level  -- about one m i l l i o h m  -- would no t  be p r a c t i c a l .  
is  n o t  bel ieved t h a t  a s u i t a b l e  compromise could be reached 
between a tolerable pinch-off vol tage,  response time, and 
impedance. Therefore,  t h i s  device would have t o  be excluded 
f o r  any p r a c t i c a l  LV-HC converter.  
It 
Chapter  VI 
TAE APPLICATION OF HALL EFFECT DEVICES 
TO THE LV-HC CONVERTER 
6.1 B a s i c  H a l l  Theory 
An expression containing the H a l l  electric f i e ld  i n  an 
n-type material can be gained immediately from a so lu t ion  of 
equat ion (6) f o r  
- 1 -  
Jn + 
E = -  
'n 
- 
E, and is given i n  t h e  form 
This  equation ind ica t e s  that  i n  a ma te r i a l  wi th  a component of 
magnetic f i e l d  t ransverse  t o  t h e  cu r ren t  dens i ty ,  t h e  electric 
f i e ld  conta ins  a component which is normal t o  both Yn and E. 
This  component of electric f i e l d  is c a l l e d  t h e  H a l l  f i e l d ,  and 
t h e  c o e f f i c i e n t  
- 1 
% = - -  Q c  - - -  nec n 
is defined as t h e  H a l l  constant  of t h e  n-type material. 
genera l ,  fo r  materials other  than simple metals and degenerate 
semiconductors, t h e  expression f o r  t h e  H a l l  cons tan t  may be q u i t e  
a complicated funct ion of energy d i s t r i b u t i o n s ,  s c a t t e r i n g  
p o t e n t i a l s  and similar p rope r t i e s  of t h e  material. This c o m -  
p l i c a t i o n  r e s u l t s  from t h e  f a c t  t h a t  i n  general ,  t h e  assumption 
of mean free time being independent of t h e  charge carrier energy 
(implied i n  equat ion 2)  is not a v a l i d  representa t ion .  Thus, f o r  
I n  
those materials i n  which t h e  approximation 
is n o t  va l id ,  t h e  mean free t i m e  between c o l l i s i o n s  is a 
func t ion  of t h e  e l e c t r o n  energy and t h e  dominant s c a t t e r i n g  
mechanism wi th in  t h e  c r y s t a l .  
22 6.2 The Multi-Terminal H a l l  Generator 
The study t o  maximize the  e f f i c i ency  of a H a l l  genera tor  
i nd ica t ed  t h a t  opt imizat ion would occur f o r  a H a l l  device having 
an i n f i n i t e  number of output terminals.  In  t h e  f i n a l  stages 
of t h i s  study such an N- te rmina l  device,  ah) shown i n  Figure 25, 
was analyzed as follows, i n  abbreviated form. 
When t h e  loads are connected across  each output  terminal ,  
H a l l  c u r r e n t s  w i l l  f l u w  through the  load and back t o  t h e  sample 
i n  such a d i r e c t i o n  t h a t  a voltage w i l l  be induced across  the  
inpu t  terminal  ( i n  p o s i t i v e  d i r e c t i o n )  by t h e  r e l a t i o n  of 
where 5 is the H a l l  cu r r en t ,  RH is  t h e  H a l l  - VIH v H - T ,  
cons tan t ,  H is t h e  magnetic f i e l d ,  t is t h e  thickness ,  and VH is 
t he  induced H a l l  vol tage across  the  input- terminal  due t o  the  
H a l l  cu r r en t  5. 
same, a l l  output c u r r e n t s  would be the  same, as t h e  H a l l  
vo l tages  across  each load a r e  t h e  same. Therefore,  t h e  t o t a l  
vol tage induced across  t h e  input  terminal  by H a l l  cu r r en t  is t h e  
sum of vol tages  induced by ind iv idua l  output  H a l l  cu r r en t s .  
If t h e  resistance of t h e  loads are a l l  t h e  
Y 
X t 
1 
1' 
Figure 25 
N Output-Terminal Hall Generator 
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5 
N equations may be derived f o r  an N terminal  device which 
w i l l  lead t o  an equiva len t  c i r c u i t  obvious i n  na tu re  by the  form 
of these  equations.  The N equations are:  
+ 'In1, VI = 2 I + 2 I + z I 4- ----- 11 1 12 2 13 si 
+ '2nIn v2 = z I + 2 I + z I + ----- 2 1  1 22 2 2 3  3 
vn = z I + Zn212 + z I + ----- + 'nn'n n l  1 n 3  3 
(33) 
By proper  manipulation of these  equat ions m o s t  of t he  
des i r ed  parameters, such as power de l ivered  t o  t h e  ind iv idua l  
loads,  power input,  and ef f ic iency  can be expressed. One needs 
then t o  examine what is necessary t o  obtain optimum operat ing 
condi t ions  f r o m  these  expressions,  
The opt imum values  of parameters i n  t h e  e f f i c i ency  equa- 
t i o n  w e r e  determined a n a l y t i c a l l y  and s o m e  af them w e r e  v e r i f i e d  
by experiment. These optimum condi t ions f o r  maximum e f f i c i e n c y  
are : 
1) High mobil i ty  
2 )   ow impurity concentration 
3) High mobil i ty  r a t i o  
4) High magnetic f i e l d  
5) Large number of output te rmina l  p a i r s  
A maximum e f f i c i e n c y  of 40$ fo r  19 output  terminals w a s  obtained 
experimentally.  
c reas ing  t h e  number of output-terminals t o  one hundred. 
This  could be increased t o  about 6O$ by i n -  
The  multi- terminal H a l l  genera tor  could poss ib ly  be used 
as a d.c. t o  a,c. conver te r  by applying an a l t e r n a t i n g  magnetic 
f i e l d .  The c i r c u i t r y  of such a converter  is Shawn i n  Figure 26. 
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H ( t )  = Alternating Magnetic Fie ld  
Figure 26 
Hall Generator as  a doc. t o  a o c .  Converter 
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For t h i s  c i r c u i t  t h e  output terminals  of the  H a l l  genera tor  
are connected t o  t h e  primary c o i l s  of a transformer,  of which 
t h e  secondary c o i l  is  connected t o  a load s. 
induces a vol tage  across  the secondary c o i l  so t h a t  t h e  t o t a l  
vol tage developed ac ross  the  secondary c o i l  is t h e  sum of 
vol tages  developed by each primary c o i l .  The maximum e f f i c i ency  
w i l l  be obtained by choosing t h e  load properly such that  the  
impedance looking i n t o  each primary c o i l  satisfies t h e  optimum 
load condi t ion.  
Each primary c o i l  
6 .3 Conclusion 
The p o s s i b i l i t y  of using t h e  mult i - terminal  H a l l  device 
should no t  be ruled out  completely f o r  some app l i ca t ions  s ince  
it may be s u i t a b l e  under more moderate requirements than those 
imposed by t h e  LV-HC converter.  
and l a w  impedance requirement would be d i f f i c u l t  t o  m e e t  
because of con tac t  problems with t h e  H a l l  terminals :  i .e.,  
The high c u r r e n t  c a p a b i l i t y  
t h e r e  is  a phys ica l  l i m i t  t o  t h e  nuniber of t hese  terminals  t h a t  
can be a t tached  f o r  a p a r t i c u l a r  w i r e  s i z e  necessary t o  ca r ry  
a des i r ed  c u r r e n t  load. 
Chapter vII 
INTRODUCTION TO THE CONCEPT OF OBTAINING A 
SQUARE WAVF, MAGNETIC FIELD 
USING A SUPERCONDUCTING SHIELD 
7.1 B r i e f  R e v i e w  of t h e  Phenomena of Magnetic FIux Rejection 
I n  1933 Meisner demonstrated t h a t  t h e  magnetic f l u x  is 
expel led  from a superconductor whether it be cooled t o  t h e  
semiconducting state i n  a constant  f i e l d ,  o r  cooled i n  z e r o  
f i e l d  and then placed i n  a magnetic f ie ld .  Therefore,  t h e  
magnetic induct ion (B) of a metal is always zero while  i n  the 
superconducting state. It folluws t h a t  i f  t h e r e  is no magnetic 
f i e ld  i n s i d e  a superconductor, any c u r r e n t  must be superficial. 
Since the cu r ren t  cannot be s t r i c t l y  s u p e r f i c i a l ,  t h e r e  must 
be a f i n i t e  depth t o  its f l a w ,  and the re fo re  a f i n i t e  depth 
of pene t r a t ion  of t h e  magnetic f i e l d  i n t o  t h e  superconductor. 
Folluwing t h i s  concept leads t o  previously der ived expressions 23 
for  t h i s  pene t ra t ion  depth.  In  genera l  one can assume t h a t  
t h i s  depth w i l l  be less than  500 Angstroms. 
Furthermore, t h e r e  w a s  shuwn t o  be a critical s t r eng th  
for  t h e  cu r ren t  f lawing i n  a superconductor i n  t h a t  it must 
remain less than t h a t  required t o  produce a field equal  t o  t h e  
c r i t i ca l  magnetic f i e l d .  This c h a r a c t e r i s t i c  is the factor t h a t  
now l i m i t s  t h e  m a x i m u m  f i e l d  of superconducting magnets. With 
each new breakthrough i n  material research  t h i s  m a x i m u m  is  
increased propor t iona l ly ,  and these  advances appear t o  be f a i r l y  
s teady . 
24 
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7.2 Application of t h e  Meissner Effect  t o  Magn,etic F i e l d  
Switching 
The complexity of obtaining a high amplitude, square wave 
magnetic f i e l d  by conventional means, f o r  a convertor c i r c u i t  
r equ i r ing  such a f ie ld ,  can be appreciated when one considers  
what is  involved i n  obtaining a comparatively simple 60 cps 
s inuso ida l ly  varying magnetic f i e l d  with a peak of j u s t  10 
ki logauss .  
a gap of 1-1/4 inches and a pole  t i p  diameter of 1-1/2 inches 
w e r e  considered. Calculat ions indicated t h a t  t h e  core  of t h i s  
magnet would weigh c l o s e  t o  125  pounds, while t he  e n t i r e  
system would occupy a space of about 2 cubic feet. Since t h e  
I n  t h e  design ca l cu la t ion  for  a magnet of t h i s  type 
magnet would draw excessive cu r ren t  f r o m  a single-phase l i n e  
(although t h e  magnet would be highly r e a c t i v e  and n o t  consume 
much power), power f a c t o r  cor rec t ing  capacitors would have t o  
be used. Approximately 60 W A R  of capac i ty  would be required.  
With t h i s  power f a c t o r  cor rec t ion  t h e  magnet would represent  
about a 2 k i lowa t t  load, considering conductor and core losses .  
I f  one d e s i r e s  t o  increase  the frequency t o  say 400 cps, t h i s  
would increase  the load from 60 KVA t o  400 KVA and, of course,  
r equ i r e  that  th inne r  laminations be used i n  t h e  core t o  hold 
t h e  i r o n  losses d a m .  One can see then t h a t  obtaining a square- 
wave magnetic f ie ld  of 25 ki logauss  (o r  even 10 KG) peak by 
purely conventional means represents  a formidable t a s k  and 
appreciable  s i z e  and weight. 
- 
I -  
A better so lu t ion  t o  the problem may be t he  use of a 
con t ro l l ed ,  superconducting magnetic s h i e l d  i n  an arrangement 
such as shown schematically i n  Figure 27. 
The p r i n c i p l e  here ,  is t o  vary the magnetic f i e l d  i n  
which t h e  superconducting sh ie ld  i s  placed such t h a t  t h e  
f ie ld  a t  t h e  su r face  of the s h i e l d  a l t e r n a t e l y  passes  through 
i ts  c r i t i ca l  magnetic f i e l d .  
7.3 Experimental Evidence of Magnetic Shielding 
One success fu l  experimental  run w a s  completed using a 
10 m i l  t h i c k  niobium shea th  t o  sh ie ld  a Corblno d i s k  znagneto- 
resistor. For t h i s  run the magnetic f i e l d  was var ied through 
a range of O-g,5OO gauss. The niobium s h i e l d  material w a s  
somewhat impure: nevertheless  switching occurred a t  about t h e  
expected magnetic f i e l d  leve l .  
A t y p i c a l  r e s u l t  of t h i s  experiment is shuwn i n  Figure 28. 
One may no t i ce  t h a t  d e f i n i t e  evidence of switching is c l e a r .  
7.4 Conclusion 
Based on t h e  experimental  evidence of the  sh i e ld ing  
c a p a b i l i t y  t h a t  w a s  demonstrated, l imi ted  though t h e  evidence 
w a s ,  it is bel ieved t h a t  t h e  switchable,  superconducting s h i e l d  
technique may be t h e  answer t o  t h e  problem of obtaining a high 
amplitude, square wave magnetic f i e l d .  Though t r a n s i t i o n  time 
s t u d i e s  w e r e  n o t  able t o  be made, evidence f r o m  t h e  literature 
i n d i c a t e s  times i n  t h e  nanosecond region for  .small, th in- f i lm 
devices  such as t h e  Feucht and Woodford r a d i o  frequency mixer. 
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Block Diagram of the Magnetic Circuitry t o  
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Chap te r VI11 
CONCLUDING REMARXS 
The f u t u r e  prospects  f o r  a cont ro l led  rectifier LV-DC 
conver te r  of t h e  types t h a t  showed promise i n  t h i s  p r o j e c t  
are encouraging. It is obvious t h a t  t h e  system best s u i t e d  
t o  t h e  LV-DC converter  requirements, and possessing t h e  h ighes t  
e f f i c i ency ,  would be a br idge c i r c u i t  employing bismuth Corbino 
d i s k  con t ro l l ed  rectifiers dr iven by square-wave magnetic 
f i e l d s  f r o m  magnetic sources using switchable superconducting 
sh ie lds .  Such a system could be completely contained i n  t h e  
cryogenic environment i f  desired. This system is  also of 
i n t e r e s t  because a p re sen t  day superconducting material 
( N b  Sn) has  a c r i t i ca l  temperature near ly  t h a t  of l i q u i d  
hydrogen, which is  a present  on-board space c r a f t  consumable. 
A l s o ,  t h e r e  are present ly  a f e w  simple and compact mechanical 
cryogenic r e f r i g e r a t o r s  t h a t  have a temperature c a p a b i l i t y  
nea r  2OoK. 
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